ABSTRACT The mold mite, Tyrophagus putrescentiae (Schrank), is a stored product pest of economic signiÞcance that commonly infests many types of food and animal feed products. There is limited information regarding pest management tactics, including residual acaricides for managing this pest in retail store habitats. The purpose of this study was to assess the potential of commercially available acaricides that could provide a protective barrier near susceptible food packages destined for consumer use. Mite mortality at 24 and 48 h was measured after exposing mites to acaricide residues applied to a nonporous surface. Two additional factors included in the study were humidity and the presence of an adjuvant to facilitate spread of acaricide on nonporous surfaces. Increasing humidity levels generally decreased acaricide efÞcacy. Use of the adjuvant itself did not appear to affect efÞcacy, but the type of application (wet or slurry, or dry) of dust acaricides signiÞcantly affected efÞcacy. The potential for residual acaricides to act as a barrier (within 24 Ð 48 h) against dispersal of this mite was discussed.
The mold mite, Tyrophagus putrescentiae (Schrank) (Acari: Acaridae), is a stored product pest of economic signiÞcance that has been a problem in many types of food. This mite can cause signiÞcant damage to grains (Hughes 1976) , cheese (Robertson 1952) , cured ham (Arnau and Guerrero 1994) , and pet food (Brazis et al. 2008) . In addition to destroying food, there is evidence that this mite may be a source of allergens affecting dogs (Canis lupus familiaris) and humans (Mueller et al. 2005) .
Mold mites may be found at several points along the food storage, processing, and distribution system, including raw grain through to Þnished food products. Recently, infestations have been found in bagged dry (and semimoist) dog food in grocery stores and other retail facilities in the United States and other countries (Brazis et al. 2008, CanÞeld and Wrenn 2010) , as well as in households (Gill et al. 2011 ). Damage to pet food occurs when the mites burrow into and consume the kibble, destroying its quality. Mites that disperse from an infestation Þnd refugia on shelves and in cracks and crevices on the ßoor under these shelves. Recent vacuum sampling in a newly established pet food store indicated that mites may be found up to 15.2 m from an identiÞed point source (S.A.K., unpublished data). This dispersal potential allows for reinfestation of new food or feed products, even after the initial infestation has been identiÞed and removed. Once a mite outbreak has been detected in a retail store, it can be difÞcult to fully control the infestation.
Control of stored product mites in agricultural and industrial settings is different from that of retail facilities. In agricultural and industrial facilities, controls include fumigation, contact, and residual acaricidal sprays and dusts. Numerous efÞcacy tests have been performed with experimental and formulated acaricides against mold mites in the context of agricultural and industrial settings (Kim et al. 2003; Collins and Cook 2006a,b; Palyvos et al. 2006; Hubert et al. 2007; Jeong et al. 2008; Stará et al. 2011) . In retail facilities, fewer control options are available. Product disinfestation via fumigants is not practical, and there are limitations as to the deployment of spray or dust acaricides around Þnished product packages. The principal control method available in retail stores is disposal of infested packages. Sanitation is important in controlling infestations by reducing food and harborage sources for the mite, in the retail environment. However, the complexity of retail shelves makes it difÞcult to use sanitation as an effective control and prevention method. The use of residual acaricides that are compatible with retail operations and in combination with sanitation may provide a barrier to prevent dispersal of this mite between refugia and Þnished food products. With other stored product pests, particularly Tribolium castaneum (Herbst), residual insecticide barriers have been shown to decrease trap catches in warehouses (Toews et al. 2009 ), hence reducing the number of pests entering an area protected by a residual insecticide.
A challenge to the use of residual acaricides in retail situations is the restrictions in the types of acaricides that can be used near Þnished food products (Stará et al. 2011 ) and the current knowledge pertaining to acaricide efÞcacy on nonporous surfaces. Recently, some natural or botanical acaricides have become commercially available, and these products have labels that are less restrictive than synthetic acaricides, so a more extensive application might be applied to shelves, providing for wider barrier between possible mite sources and susceptible food products. While there is evidence for the acaricidal efÞcacy of natural products and synthetic compounds against T. putrescentiae, many of the tested compounds have been applied on porous surfaces, such as cotton or paper disks (Kim et al. 2003) ; mixed into the food sources (Gulati and Mathur 1995; Hubert et al. 2007 Hubert et al. , 2008 ; used on the raw commodity itself (Palyvos et al. 2006 , Iatrou et al. 2010 ; or used as fumigants (Sánchez-Ramos and Castañ era 2001). Ascertaining the efÞcacy of formulated acaricides against mites on nonporous surfaces is important for further recommendations pertaining to acaricidal barriers to protect Þnished products on retail shelves. Also, mold mites are subject to stresses from variable humidity in the habitat, and humidity is another potential factor inßuencing acaricide efÞcacy. T. putrescentiae mites are weakly sclerotized, so they are prone to desiccation (SánchezÐ Ramos et al. 2007 ). The biology of this mite favors desiccation as an effective mode of action when selecting an acaricide, and relative humidity will affect acaricide efÞcacy regardless of the mode of action (Cook and Armitage 2000) .
The objective of this study was to determine efÞ-cacy of selected residual acaricides against T. putrescentiae, with an emphasis on products that are commercially available and potentially compatible with retail operations. Many residual acaricide products have use-directions restricting their use around food contact surfaces, and although experimental active ingredients are always being tested, experimental products are essentially unavailable unless they have undergone registration. In the United States, registration is required as per the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA 1972) . Hence, product selection involved Þnding products with label use-directions that would be considered compatible in retail systems. We also measured acaricides that are often used by commercial pest management contractors in the United States in efforts to manage mold mites in retail stores. In the retail habitat, relative humidity is variable with areas that are both favorable and unfavorable for mite development. We therefore also included a range of humidity levels in measuring efÞcacy of these acaricides.
Materials and Methods
Mite Rearing and Arena Design. Mold mites, T. putrescentiae, were reared in 0.946-liter Mason jars (Jarden Home Brands, Daleville, IN) on semimoist dog food (Eaton and Kells 2011) . Jar lids were replaced with mesh screen with Þlter paper (P5, Fisher, Pittsburgh, PA) on both sides of the screen to provide ventilation. These modiÞed lids were held on by securing the metal band on the screw threads. The jars were placed in larger plastic containers with water to maintain high humidity. Jars were incubated at room temperature (22Ð25ЊC) and elevated humidity (68 Ð 80% relative humidity [RH] ). The lids of the larger containers had four holes (1.3 cm in diameter) for ventilation.
Arenas consisted of polystyrene petri dishes (50 by 9 mm, Falcon, Becton Dickinson Labware, Franklin Lakes, NJ). A 9.7-mm-diameter hole was punched in each lid, and mesh (Precision Woven Nylon Mesh, 193 by 193 Mesh, 0.078 mm opening, McMaster-Carr, Chicago, IL) was adhered over the holes with hot glue (Arrow All-Purpose Clear glue sticks, Saddlebrook, NJ) to provide ventilation and prevent escape. Arenas were sprayed with assigned acaricide treatment (Table 1) as per the two experiments described below.
Mites were transferred via a nylon paintbrush from Mason jar lids to treated and randomly selected arenas. Ten unsexed adult mites were transferred to each treated arena, and the dishes were placed into humidity chambers, where they were allowed to incubate at room temperature for Ϸ48 h. Mortality was recorded, and the petri dishes were placed back into the humidity chambers. Mortality was recorded at 24 and 48 h, through repeated measures. Mites were considered dead if they were desiccated or exhibited no movement when agitated with a single hair of a paintbrush. A recovery period to measure extended survival postexposure was not used in this study.
Saturated salts were used to maintain consistent relative humidity levels in plastic desiccators (Winston and Bates 1960), and three relative humidity levels were used at room temperature: NaNO 3 (68% RH), NH 4 NO 3 (64% RH), and MgCl 2 (40% RH). These humidity levels were in the range typically found in retail stores (an average of 20 Ð 65% RH, with humidity extremes of 15Ð90% RH) and represented conditions that were favorable, marginal, and adverse to this mite. Relative humidity levels were measured daily with a portable temperature/RH meter (Vaisala HMI41 with a HMP42 probe; Helsinki, Finland) to conÞrm average relative humidity.
Exposure Procedures: Experiment 1. Arenas (petri dishes) were numbered, and the inside of each arena was covered with the assigned treatment (Table 1) to the point of runoff and excess ßuid was tapped off. The plates of each treatment were randomly assigned to one of three buckets, and each bucket was randomly assigned to one of three humidity levels. There were nine acaricide treatments, three humidity levels, and six replicates for each acaricideÐ humidity combination, resulting in 1,620 mites being used.
August 2013 FREITAG AND KELLS: ACARICIDE EFFICACY AGAINST T. putrescentiae
Selected acaricides included EcoExempt D, EcoExempt IC 2 , EcoPCO DX, EcoPCO WPX, Mother Earth D, Talstar P, and Tempo Ultra WP. These acaricides were mixed with deionized water. Being dusts, EcoExempt D, EcoPCO DX, and Mother Earth D were diluted to 2% g/g of the whole powder as per calculations to determine the amount of dust applied to the surface according to label rate without water. The dust solutions also contained EcoAdjuvant (7.81 ml/liter) to facilitate mixing and even spread of acaricides on plastic or metal surfaces. EcoAdjuvant was also used with EcoExempt IC 2 to form an emulsion as per label. Solutions were applied to both the base and the lid of the petri dishes and swirled around to obtain an even coating. Control dishes received deionized water as a treatment. Excess solution was tapped off, and the dishes were allowed to dry for at least 24 h.
Exposure Procedures: Experiment 2. A second experiment tested the inßuence of the adjuvant on efÞcacy of the dust acaricides. Acaricide treatments included EcoExempt D, EcoPCO DX, Mother Earth D, and two controls: EcoAdjuvant-only and wateronly. Three application methods included dusts as a dry application only; adjuvant applied and dried, followed by a dry dust application; and adjuvant and dust mixed into an aqueous solution. With the controls, there were a total of 11 acaricide-application method groups with 6 replicates and 10 adult mites per replicate (660 mites). Acaricide concentrations and method of application to the arenas were the same as in experiment 1. Relative humidity levels used for this experiment were 64 and 68% RH. Exposure procedures were the same as experiment 1, and proportion mortality was measured at 48 h.
Statistical Analysis. Proportion mortality data were transformed using Arcsin(Sqrt(x)), and differences were determined using SAS Proc GLM with brand and humidity as class variables (SAS Institute 2009). Protected comparisons using the transformed means (proportions Ϯ SE) were performed via Least Squares Means (␣ ϭ 0.05). Comparisons were restricted between the treatment and the corresponding control. Mean mortality (Ϯ95% CI) was represented graphically to illustrate differences.
Results

Experiment 1.
Mean percent mortality at 24 and 48 h was affected by acaricide, humidity, and the interaction between acaricide and humidity (Table  2) . With the interaction signiÞcant, measurement of results required that the simple effects be examined within each humidity level. At 24 h, decreasing humidity increased effectiveness among some acaricides that signiÞcantly differed from water controls; by 48 h most treatments showed efÞcacy (Figs. 1 and 2 ). Compared with the water controls, signiÞcant efÞcacy occurred within 24 h with EcoExempt D, EcoPCO DX, and Mother Earth D at marginal and adverse humidities (Fig. 1) . Compared with the adjuvant treatment, at 40% RH all dust products except EcoExempt D showed enhanced mortality. Only EcoPCO DX was effective as a dust at 24 h and 68% RH, although the effects were not signiÞcant from the adjuvant treatment. Dusts caused dead mites to appear desiccated, with a shriveled appearance and their legs curled. At 24 h, the emulsion EcoExempt IC 2 was effective at all three humidity levels, and dead mites in this treatment had a bloated and glossy appearance (Fig. 1) . Dead mites in the adjuvant treatment also had a glossy appearance, but were not bloated. This trend continued at 48 h, except that more products showed efÞcacy compared with the water control in the marginal and favorable humidities (Fig. 2) . It was only in the marginal humidity that the products formulated with adjuvant showed enhanced mortality, compared with the adjuvant treatment (Fig. 2) . Mortality in the controls approached 80% in the low humidity conditions. In this study, diatomaceous earth and the natural products showed additional efÞcacy greater than controls, whereas synthetic pyrethroids showed little residual efÞcacy. Experiment 2. As the adjuvant itself had efÞcacy in the Þrst experiment, the second experiment included the effect of wet and dry dust applications in the presence of an adjuvant, at humidity levels that are favorable for mite survival (64 and 68% RH). At 48 h, the acaricide treatment effect was signiÞcant (F 10,102 ϭ 24.28; P Ͻ 0.05), the interaction between acaricide and humidity was signiÞcant also (F 10,102 ϭ 2.20; P Ͻ 0.05; Table 3 ), and most treatments were more effective than the control (Fig. 3) . Acaricidal dust formulated with water and adjuvant had decreased efÞcacy compared with the treatments for which adjuvant and dust were applied separately. Wet applications of EcoExempt D were not signiÞcantly different from control, and wet applications of EcoPCO DX were not signiÞcantly different from adjuvant-only application (P Ͼ 0.05; Fig. 3 ). At 68% RH, conditions were more challenging for acaricide efÞ-cacy, and for simplicity we only show these results. However, mortalities showed a similar pattern at a more marginal humidity of 64% RH to those at 68% RH. Dry-plus-adjuvant and dry-dust-only applications were not signiÞcantly different from each other within each acaricide brand (P Ͼ 0.05).
Discussion
The mold mite is a persistent pest in some retail pet food displays in North America, necessitating the use of commercially available acaricides approved for use to prevent mites from moving from adjacent refugia into products at-risk of infestation. In retail store habitats, there are a plethora of refugia where this mite may exist and maintain active infestations in peripheral areas on and around shelves. There are many pathways that mites can travel to reach shelves from the ßoor or move among shelves. These pathways include support posts, shelf brackets, "backer boards," etc. Abundant refugia and pathways complicate efforts to control this mite by sanitation and exclusion practices alone. Breaking the cycle of infestation involves removal of infested source(s) and the creation of a barrier between mites in refugia and at-risk products. For residual acaricide applications to act as an effective barrier against T. putrescentiae, the products should cause mortality while mites transit between peripheral refugia.
Acaricides must provide efÞcacy at differing humidity levels on and around the retail shelves. Diatomaceous earth formulations have higher efÞcacy at lower relative humidity levels, because of their desiccating properties (Cook and Armitage 2000) , and the reduced acaricide efÞcacy at higher humidity levels in this study was consistent with previous documentation (Cook and Armitage 2000; Collins and Cook 2006a,b) . EcoPCO DX and EcoExempt IC 2 were the only two acaricides showing mortality signiÞcantly different than the control within 24 h and at all humidity levels (Fig. 1) . Within 24 h, marginal (64%) or adverse (40%) humidity levels enhanced efÞcacy of the acaricides: Mother Earth D, EcoExempt D, and EcoAdjuvant. EcoPCO WPX, Tempo Ultra WP, and Talstar P were not signiÞcantly different from the control at 24 h regardless of humidity (Fig. 1) . After 48 h, Tempo Ultra WP and Talstar P were not significantly different from the control at 64 and 68% RH (Fig. 2) . The adjuvant alone produced 30 Ð50% mortality against this mite (Fig. 2) . The adverse humidity treatments (40% RH) resulted in high mortality, even within the control (Fig. 2) . Effect of humidity on mortality is consistent with the results of Eaton and Kells (2009) . Except for the synthetic pyrethroids, all other residual products were effective against the mold mites at high (favorable), medium (marginal), or both, humidity levels ( Figs. 1 and 2) .
Wet applications of the dusts (with adjuvant) were used in the Þrst experiment to provide a uniform coating on nonporous surfaces, as earlier applications without adjuvant resulted in a nonuniform acaricide application on shelf surfaces. Collins and Cook The factors tested included humidity and acaricide treatment. EfÞcacy was recorded at 24 and 48 h; hence, the factors were evaluated for both of these times.
a SigniÞcance was measured at P Ͻ 0.05. b Four arenas were excluded from statistical analysis owing to a low count of mites present. These mites may have escaped.
August 2013 FREITAG AND KELLS: ACARICIDE EFFICACY AGAINST T. putrescentiae(2006a) compared the efÞcacy of slurry applications of diatomaceous earth formulations against stored product insects and mites, spreading this slurry with a gloved Þngertip. Such applications are not practical on retail store shelves. Dusts must be applied uniformly on the surface to provide an effective barrier, but dusts tend to be highly visible, and there are challenges with creating a uniform application with minimal visibility. A slurry application sprayed with the adjuvant enabled a uniform and low-visible coating of dust across nonporous surfaces. However, there was a question as to whether there was a synergistic or an agonistic effect on efÞcacy of mixing the dusts in water with an adjuvant. Therefore, the second experiment measured the effect of adjuvant and application method on the efÞcacy of the dust acaricides. The second experiment involved three types of applications with each of the three dust acaricides: Mother Earth D, EcoExempt D, and EcoPCO DX. Dry applications were more effective than wet applications, showing similar results to Collins and Cook (2006a,b) , who tested dry and slurry applications of diatomaceous earth formulations. The results of this second experiment indicated an agonistic effect of wet-plus-adjuvant applications, with the aqueous applications adhering the dust to the substrate, and causing less accumulation of dust to be observed on the mitesÕ legs or setae. Nevertheless, wet applications were important for providing a uniform coating and Fig. 1 . Mean proportion mortality of T. putrescentiae after 24 h of exposure to selected acaricides and at three relative humidities. A single asterisk (*) indicates the treatment was signiÞcantly different from the water control. Two asterisks (**) indicate a signiÞcant difference from both the water control and adjuvant-only treatments (P Ͻ 0.05) in treatments where the product had the adjuvant added. Because of the interaction, comparisons were limited to within humidity differences. Fig. 2 . Mean proportion mortality of T. putrescentiae after 48 h of exposure to selected acaricides and at three relative humidities. A single asterisk (*) indicates the treatment was signiÞcantly different from the water control. Two asterisks (**) indicate a signiÞcant difference from both the water control and adjuvant-only treatments (P Ͻ 0.05) in treatments where the product had the adjuvant added. Because of the interaction, comparisons were limited to within humidity differences.
reducing the overall visibility of the application. Further research on methods to both uniformly spread dust and provide maximum exposure to mites will ensure their use as an effective barrier against infestation. The problem of availability of the dust to the mite and dust visibility illustrates the difÞculty in achieving discreet acaricidal barriers that would also be effective on the surfaces in the retail habitat.
This study demonstrated the efÞcacy of dusts and essential oils applied as formulated and registered residual acaricides against mold mites on simulated retail surfaces. Restrictions on current labels for applying acaricides around Þnished food products make it difÞcult to select an effective acaricide for use in the retail setting. Therefore, many of the products tested had labels that could be interpreted as more compatible with use in the retail setting. Future research should measure the efÞcacy of these products in situ and measure the behavior of T. putrescentiae before mortality. In addition, an effective integrated pest management (IPM) program should be considered, as there are areas where products even with an inclusive label would be prohibited from use. Sanitation and the reduction of humidity should be considered in combination with acaricides to help prevent the spread or dispersal of mites. Fig. 3 . Mean proportion mortality of T. putrescentiae after 48 h exposure and at 68% RH. Comparisons were performed within each acaricide brand; a different letter indicates statistical signiÞcance (P Ͻ 0.05). Treatments included dusts as a dry application only; adjuvant applied and dried, followed by a dry dust application; and adjuvant and dust mixed into an aqueous solution.
